Renal tubular cells are involved in the tubular interstitial fibrosis observed in diabetic nephropathy. It is debated whether epithelialmesenchymal transition (EMT) affects tubular cells, which under highglucose conditions overproduce transforming growth factor-β (TGF-β), a fibrogenic cytokine involved in interstitial fibrosis development. Our study investigated the involvement of non-receptor tyrosine kinase Arg (also called Abl2) in TGF-β production. Human primary tubular cell cultures exposed to high-glucose conditions were used. These cells showed an elongated morphology, stress fibers and vimentin increment but maintained most of the epithelial marker expression and distribution. In these cells exposed to high glucose, which overexpressed and secreted active TGF-β1, Arg protein and activity was downregulated. A further TGF-β1 increase was induced by Arg silencing with siRNA, as with the Arg tyrosine kinase inhibitor Imatinib. In the cells exposed to high glucose, reactive oxygen species (ROS)-dependent Arg kinase downregulation induced both RhoA activation, through p190RhoGAPA (also known as ARHGAP35) modulation, and proteasome activity inhibition. These data evidence a new specific involvement of Arg kinase into the regulation of TGF-β1 expression in tubular cells under high-glucose conditions and provide cues for new translational approaches in diabetic nephropathy.
INTRODUCTION
Diabetic nephropathy is a complication occurring in ∼35% of patients affected by diabetes mellitus and is the leading cause of end-stage renal disease in the developed world (de Boer et al., 2011) . Chronic exposure to elevated blood glucose concentration contributes to the tubulointerstitial changes observed in overt diabetic nephropathy, characterized by thickening of tubular basement membrane, tubular atrophy and interstitial fibrosis (Gilbert and Cooper, 1999) . These changes suggest a tubular cell involvement in diabetic nephropathy establishment. However, what is the main cellular type responsible for extracellular matrix deposition is still a matter of debate. Some studies have shown that tubular cells might undergo an in vitro epithelialmesenchymal transition (EMT) and have a direct role in tubulointerstitial fibrosis development (Lee and Han, 2010; Hills et al., 2012; Gu et al., 2013) . However, conclusive evidence of a full EMT process in vivo is a controversial point. In fact, some papers provide evidence in vivo of human and rodent tubular cell EMT as a source of matrix-producing interstitial fibroblasts (Iwano et al., 2002; Rastaldi et al., 2002; Burns et al., 2006) , and of mouse tubular cells producing collagen without evidence of EMT (Koesters et al., 2010; Fragiadaki et al., 2011) . Instead, other in vivo models show that interstitial pericytes and resident fibroblasts, but not tubular cells, might be myofibroblast progenitors (Lin et al., 2008; Humphreys et al., 2010) . Nevertheless, the involvement of tubular cells in interstitial fibrosis is also suggested by the finding that under highglucose conditions (hereafter high-glucose-treated) human HK-2 and mouse MCT proximal tubular cell lines increase their in vitro production of TGF-β (Rocco et al., 1992; Fraser et al., 2003) , one of the most important fibrogenic cytokines involved in development of renal interstitial fibrosis .
Of note, a role in downregulation of TGF-β signaling, through inhibition of c-Abl (also known as Abl1) and PDGFRβ activity in fibroblasts of animal models of renal and lung fibrosis (Daniels et al., 2004; Wang et al., 2005 Wang et al., , 2010 , has been described for Imatinib, an inhibitor of c-Abl, Arg (also known as Abl2), c-Kit and PDGFRβ tyrosine kinase activity (Buchdunger et al., 1996; Druker and Lydon, 2000; Okuda et al., 2001) . Interestingly, there is also evidence that treatment with proteasome inhibitors prevents lung, skin and kidney fibrosis in different animal models (Tashiro et al., 2003; Luo et al., 2011; Mutlu et al., 2012) . In fact, the ubiquitinproteasome system, in addition to its role in protein turnover, plays a modulation role in many cellular signaling pathways, including those involving TGF-β1 (Elliott et al., 2003; Mutlu et al., 2012) . Remarkably, it has been described that c-Abl and Arg tyrosine kinases associate with and phosphorylate the proteasome PSMA7 subunit with consequent inhibition of proteasome activity (Liu et al., 2006) . Arg is also involved in some aspects of the EMT process, like cell migration and cytoskeleton modulation through the RhoA-ROCK pathway (Hernández et al., 2004; Peacock et al., 2007; Bianchi et al., 2013) , which is also involved in TGF-β secretion in a high-glucose-treated HK-2 cell line (Gu et al., 2013) . Based on these data, in the current study we analyzed the involvement of Arg tyrosine kinase in the production of TGF-β1 induced in well-characterized human primary tubular cell cultures (Perego et al., 2005; Bianchi et al., 2010; Cifola et al., 2011) by treatment with high glucose, which also induced some phenotypical and molecular changes in these tubular cells.
RESULTS

Phenotypical characterization of high-glucose-treated primary tubular cell cultures
We assessed whether high-glucose treatment could induce phenotypical changes in renal tubular primary cells cultured for 7 days with high-glucose medium. In phase-contrast microscopy images, we observed that high-glucose-treated cells appeared more elongated with respect to the cobblestone morphology of control cells (Fig. 1A) , as confirmed by the distribution of immunofluorescence signal for the epithelial markers cytokeratin and Epcam, which were maintained in treated cells ( Fig. 1B; Fig. S1A ). The epithelial proximal tubular marker N-cadherin and distal tubular marker E-cadherin maintained a membrane distribution and did not colocalize, even in high-glucose-treated cells (Fig. 1C) . Proximal tubular markers CD13 (also known as ANPEP) and AQP1 were detected only in N-cadherin-and not in E-cadherin-positive cells, and distal tubular marker calbindin was detected only in E-cadherin-but not in N-cadherin-positive cells, in both treated and control cells ( Fig. 1D,E; Fig. S1B ). These data confirmed the mutually exclusive expression of N-and E-cadherin in proximal and distal tubular cells, respectively, as described previously , and here also shown under high-glucose conditions. Thus, tubular primary cells cultured in high-glucose medium changed the morphology but maintained the cellular distribution of epithelial markers as in control cells. No differences in cell viability between control and high-glucose-treated cells were observed (Fig. S2A ).
Analysis of markers related to EMT after high-glucose treatment
We evaluated in our tubular cell cultures the effect of high-glucose treatment on the expression of markers involved in the EMT process, as characterized by downregulation of epithelial markers and upregulation of mesenchymal markers (Carew et al., 2012) . As shown by real-time quantitative PCR ( Fig. 2A) , the transcript level of the epithelial markers N-and E-cadherin, the mesenchymal markers Col1a2 and S100A4, and miR-200c, an indirect inducer of E-cadherin expression, did not significantly change during high-glucose treatment. At the protein level (Fig. 2B) , the epithelial marker ZO-1 (also known as TJP1) and the epithelial proximal tubular marker N-cadherin were downregulated after 7 days and 96 h of high-glucose treatment, respectively. Instead, E-cadherin maintained a similar expression level both in control and treated cells. The mesenchymal marker vimentin was upregulated after 7 days of high-glucose treatment, but α-smooth muscle actin (α-sma) expression was not induced by the treatment. Moreover, the treatment with high glucose did not significantly change the percentage of proximal (CD13 positive) tubular cells in our primary cell cultures (Fig. S1C) and the protein expression level of the proximal (AQP1) and distal (calbindin) tubular markers also did not change, even at 7 days of treatment (Fig. S1D) . Thus, in high-glucose-treated cultures, EMT markers were only partially modulated and the changes observed were not the effect of the outgrowth of a specific tubular cell population on the other population.
Stress fiber density and cell migration analysis after highglucose treatment
Given that the acquisition of prominent cytoplasmic stress fibers is an EMT feature correlated with cell motility (Liu, 2004) , we analyzed these two characteristics in tubular cells cultured in highglucose medium. We observed that these cells had F-actin organized in dense stress fibers across the cytoplasm, whereas control tubular cells had a cortical localization of F-actin with rarer and thinner cytoplasmic stress fibers. The increase of cytoplasmic stress fiber density was significant after 96 h of high-glucose treatment (Fig. 3A) . Moreover, as assessed by a wound healing assay, cells treated with high-glucose for 96 h had a wound recovery significantly lower than control ones after 8 h from the 'scratch' (Fig. 3B ). Treated cells also evidenced a cell motility reduction as (B-E) Confocal microscopy images of (B) the epithelial markers pancytokeratin and Epcam (green), (C) the epithelial proximal tubular marker N-cadherin (red) and distal tubular marker E-cadherin (green), which did not colocalize (merge); (D) proximal tubular markers CD13 (green) and N-cadherin (red), which colocalize in control and high-glucose-treated cells (merge); and (E) CD13 (green) and E-cadherin (red), which did not colocalize (merge). DAPI was used to counterstain the nuclei in blue. Scale bars: 10 µm.
assessed by a Boyden chamber assay (Fig. S2B) . Thus, the cytoskeletal changes of high-glucose-treated tubular cells were consistent with EMT features but their functional behavior was not.
In primary tubular cell cultures high-glucose treatment induced an increase of TGF-β1 expression and secretion that activated fibroblasts
In our tubular primary cultures, we observed a significant upregulation of TGF-β1 transcript and precursor protein at 72 and 96 h of high-glucose treatment, respectively (Fig. 4A,B ). An increased secretion of TGF-β1 was also evident in the medium of tubular cells treated with high glucose for 96 h (Fig. 4C ). NIH3T3 fibroblasts grew significantly faster when cultured in conditioned medium of high-glucose-treated tubular cells (high-glucose conditioned medium) compared to those grown in nonconditioned fibroblast medium, in control cell conditioned medium and in high-glucose conditioned medium plus TGF-β receptor inhibitor SB431542 (Fig. 4D ). In addition, the expression of α-sma protein, a cytoskeletal marker in activated fibroblasts, and the level of phosphorylated Smad2 protein, a specific target of the activated TGF-β pathway (Hills and Squires, 2011) , significantly increased only in NIH3T3 cells treated with high-glucose conditioned medium. However, α-sma and phosphorylated Smad2 protein expression was strongly downregulated when SB431542 was present in high-glucose conditioned medium (Fig. 4E,F) . These data show that primary tubular cell cultures under high-glucose conditions overexpressed and secreted active TGF-β1 that induced fibroblast activation.
Imatinib induced a further increase of TGF-β1 expression and secretion in high-glucose-treated tubular cells
To evaluate how TGF-β1 production was modulated in our cellular model, we tested the response of tubular cells to Imatinib treatment. It has been demonstrated that 10 µM Imatinib prevents TGF-β-driven renal fibroblast activation in vitro (Wang et al., 2005) , but when directly delivered in vivo to proximal tubular cells, Imatinib does not show anti-fibrotic efficacy (Dolman et al., 2012) . Surprisingly, the treatment of our tubular cells with 10 µM Imatinib induced, only under high-glucose conditions, a further significant increment of TGF-β1 transcript, protein precursor and secretion ( Fig. 5A-C ) without changes in cell viability (Fig. S2A) . Moreover, the expression of α-sma protein and the level of phosphorylated Smad2 protein significantly increased in NIH3T3 cells grown in the presence of high-glucose plus Imatinib conditioned medium with respect to high-glucose conditioned medium (Fig. 5D,E) . Even in this case, α-sma and phosphorylated Smad2 protein expression was strongly downregulated in highglucose plus Imatinib conditioned medium in the presence of SB431542 (Fig. 5D,E) . Thus, in tubular cells under high-glucose conditions Imatinib induced a further upregulation of TGF-β1 production that further activated fibroblasts.
High-glucose treatment downregulated Arg protein in tubular cells
To gain further insight into the molecular mechanism involved in TGF-β1 production, we tested the well-known targets of Imatinib inhibitory activity (Buchdunger et al., 1996; Druker and Lydon, 2000; Okuda et al., 2001 ). PDGFRβ and c-Kit were not expressed in our control and treated cells, and the c-Abl protein level did not change with high-glucose treatment (Fig. S2C,D) . Instead, Arg protein was significantly downregulated at 96 h of high-glucose treatment (Fig. 6A ), but it did not decrease in control and highglucose-treated tubular cells grown in the presence of Imatinib (Fig. 6B ). Thus, in primary tubular cell cultures, high-glucose treatment induced a downregulation of Arg protein that correlated with the increment of TGF-β1 expression and secretion observed in the same culture condition ( Fig. 4A -C).
High glucose induced an increase in ubiquitin-dependent Arg degradation in tubular cells through a ROS level increment
It has been described that the MCF-7 and 293 cell line exposure to reactive oxygen species (ROS) induced an increase of Arg ubiquitylation and degradation (Cao et al., 2005) , and that highglucose conditions induced ROS overload in tubular cells (Lee et al., 2013) . To evaluate whether these molecular mechanisms were even active in our in vitro model, we assayed ROS production in tubular cells and found that high-glucose treatment for 96 h induced a significant increment of ROS level that further increased at 7 days (Fig. 6C ). Under high-glucose conditions the Arg transcript level did not change (data not shown), but Arg protein ubiquitylation increased (Fig. 6D) , with consequent degradation by the proteasome that could be counteracted by the proteasome inhibitor MG132 (Fig. S3A,B) . Moreover, the addition of the antioxidant NAC in high-glucose medium, which significantly decreased ROS production ( Fig. 6C) , reversed high-glucoseinduced downregulation of Arg protein (Fig. 6E ), confirming that, in our model, high-glucose-induced ROS were responsible for the decrease in Arg protein. Notably, high levels of endogenous ROS persisted even when Imatinib was present in high-glucose medium ( Fig. 6C ), but in this case Arg protein ubiquitylation did not increase with respect to control (Fig. 6D ). In addition, we excluded that the observed downregulation of Arg was related to a decrease in N-cadherin. In fact, the knockdown of N-cadherin by siRNA in tubular cells grown in control medium did not affect Arg expression (Fig. S3C) . Thus, oxidative stress induced by highglucose treatment was responsible for the Arg ubiquitylation and degradation.
High-glucose induced TGF-β1 upregulation, proteasome inhibition and RhoA activation through Arg activity downregulation in tubular cells
To prove the specific involvement of Arg in the TGF-β1 upregulation, we evaluated TGF-β1 expression and secretion after Arg silencing by small interfering RNA (siRNA). Arg knockdown (Fig. S3D ) further improved TGF-β1 expression and secretion in high-glucose-treated cells at 96 h (Fig. 7A,B) , mimicking the 
.). (B)
Representative western blot of lysates from tubular cells cultured for different time points in control (ctrl) or in high-glucose (HG) medium. The protein bands for the TGF-β precursor and for β-actin are shown. In the graph, the normalized TGF-β band intensities are expressed as fold change with respect to corresponding control sample (unpaired t-test, *P<0.05, n=5, mean±s.d.). (C) ELISA for secreted TGF-β1 in conditioned medium of tubular cells cultured for 96 h in control or in high-glucose medium (unpaired t-test, *P<0.05, n=4, mean±s.d.). (D) Growth curves of NIH3T3 fibroblasts cultured in fibroblast medium (white squares, M), in control conditioned medium (white triangles, ctrl CM), in high-glucose conditioned medium (white circles, HG CM) or in high-glucose conditioned medium with SB431542 (black circles, HG CM+SB431542) (one-way ANOVA with Bonferroni's test, *P<0.05, n=3, mean±s.d.). (E,F) Representative western blots of protein lysates of NIH3T3 fibroblasts, cultured for 3 or 48 h in the indicated medium. The protein bands of (E) α-sma and β-Actin and (F) phospho-Smad2 ( p-Smad2) and total Smad (total Smad2/3) and corresponding quantification graph of normalized bands are shown. Phosho-Smad2 ( p-Smad2) was normalized to the corresponding total Smad 2/3 (one-way ANOVA with Bonferroni's test, *P<0.05, n=3, mean±s.d.).
Imatinib effect (Fig. 5B,C) , and showing that Arg is specifically involved in the TGF-β1 upregulation in high-glucose-treated tubular cells.
To study in depth the Arg-dependent modulation of TGF-β1 production, we investigated both the proteasome activity and Rho-ROCK signaling. As expected (Tashiro et al., 2003; Mutlu et al., 2012) , specific proteasome inhibition by MG132 induced a significant downregulation of TGF-β in high-glucose-treated cells (Fig. S3A,E) . However, in our high-glucose-treated cells, TGF-β1 increased ( Fig. 5A-C ) even though the proteasome activity was downregulated (Fig. S3F) . Moreover, in these cells Arg activity also decreased as proved by the decrease of tyrosine-phosphorylated Arg and site-specific (Y1105) phosphorylated p190RhoGAPA protein (also known as ARHGAP35), a well-known Arg kinase specific target and RhoA inhibitor (Hernández et al., 2004) (Fig. S3G,H) . In high-glucose-treated cells Arg knockdown with siRNA induced a further proteasome inhibition, in spite of a further TGF-β1 increase (Fig. 7A-C) . The treatment of tubular cells with high glucose plus (D,E) Representative western blots of protein lysates of NIH3T3 fibroblasts, cultured for 3 or 48 h in high-glucose conditioned medium (HG CM), in highglucose plus Imatinib conditioned medium (HG+Imatinib CM) or in highglucose plus Imatinib conditioned medium with SB431542 (HG+Imatinib CM+SB431542). The protein bands of (D) α-sma and β-actin and (E) phospho-Smad2 ( p-Smad2) and total Smad (total Smad 2/3) and the corresponding quantification graph of normalized bands are shown. PhosphoSmad2 ( p-Smad2) was normalized for corresponding total Smad 2/3 (one-way ANOVA with Bonferroni's test, *P<0.05, n=3, mean±s.d.).
Imatinib, which inhibited Arg kinase activity (Fig. S3G,H) , upregulated TGF-β1 but did not affect the proteasome ( Fig. 5A-C;  Fig. S3F ). Thus, TGF-β1 overproduction induced in our cellular model by Arg tyrosine kinase downregulation did not seem to be mediated by an Arg-dependent inhibition of proteasome activity.
Next, we evaluated whether Arg downregulation could induce TGF-β1 overproduction through the activation of RhoA-ROCK signaling. The amount of phospho-Y1105-p190RhoGAPA protein decreased after 96 h of high-glucose treatment (Fig. 7D) , as did the amount of Arg protein and its phosphorylated form ( Fig. 6A;  Fig. S3G ), and the amount of RhoA-GTP (the activated state of RhoA) increased (Fig. 7E,F) . Arg knockdown by siRNA, which further increased TGF-β1 production in high-glucose-treated cells, noticeably decreased the level of phospho-Y1105-p190RhoGAPA protein (Fig. 7A,G) . Thus, in our tubular cells treated with highglucose, Arg kinase downregulation caused a decrease in p190RhoGAPA phosphorylation, the activation of RhoA and induced TGF-β1 upregulation. 
DISCUSSION
In order to undertake studies directed to understand the molecular and functional response of tubular cells to high-glucose conditions, we used human primary tubular cell cultures. These cultures represent a reproducible and well-characterized cellular model that maintains, in the first passages, the phenotypic and molecular characteristics of the corresponding tissue (Perego et al., 2005; Bianchi et al., 2010; Cifola et al., 2011) . Our data showed that these primary cells, grown in high-glucose medium, acquired an elongated morphology but only a few molecular EMT features, and did not reach a full EMT phenotype. Thus, the phenotypical and functional features of our high-glucose-treated cells were more suggestive of an activated cellular state, which has also been described in other renal fibrosis models (Hertig et al., 2008) , than an EMT. So far, little is known about the in vitro EMT susceptibility of human primary tubular cell cultures. Some reports suggest that human primary tubular cells, even after TGF-β treatment, the major factor driving EMT (Carew et al., 2012) , show morphological alterations but maintain a stable expression of epithelial markers like E-cadherin and its indirect inducer miR-200c (Keller et al., 2012) , as also seen in the results described here. Our high-glucose-treated primary cell cultures overexpressed and secreted TGF-β1 that was able to activate fibroblasts, and the TGF-β1 overexpression was associated with a significant decrease of Arg protein and activity. The further increase of TGF-β1 expression and secretion after Arg silencing confirmed this association. Therefore, Arg activity downregulation could be the key to the interpretation of TGF-β1 upregulation in our cellular model.
First of all we demonstrated that Arg-modulated TGF-β1 production was not mediated by an Arg-dependent inhibition of proteasome activity, as also confirmed by Arg silencing, which resulted in further proteasome inhibition and an increase in TGF-β1. Thus, in our experimental model, the proteasome and Arg activity decrease matched the increase in TGF-β1.
By contrast, in our cellular model Arg downregulation might induce upregulation of TGF-β1 through the activation of RhoA-ROCK signaling. In fact, in high-glucose-treated tubular cells, we documented that Arg downregulation increased TGF-β1 production, decreased p190RhoGAPA specific phosphorylation and increased the RhoA-GTP level. Therefore, in our cellular model under high-glucose conditions, Arg kinase downregulation could activate the RhoA-ROCK signaling by reducing RhoA inhibition induced by p190RhoGAPA. The activation of this signaling would explain the increase of stress fibers (Hernández et al., 2004) and TGF-β1 production (Gu et al., 2013) .
Of note, literature reports a reduction in the amount of TGF-β when the proteasome is directly inactivated by the specific inhibitor MG132 (Tashiro et al., 2003; Mutlu et al., 2012) and our data also confirmed this finding (Fig. S3A,E) . The discrepancy between the effect induced on TGF-β expression by inhibition of proteasome activity with MG132 and Arg silencing, might be explained by the dual effects induced by Arg and c-Abl in our cells. In fact, in Argsilenced cells the permanence of c-Abl might inhibit proteasome activity (Liu et al., 2006 ) with a consequent decrease in TGF-β . However, Arg deficiency might also induce an increase in TGF-β, through the decrease of p190RhoGAPA phosphorylation and consequent upregulation of RhoA-ROCK signaling (Gu et al., 2013) .
Literature data also report a proteasome activation rather than reduction when Arg kinase activity is downregulated (Liu et al., 2006) . However, a more recent paper (Li et al., 2015) shows that Arg and c-Abl, through the phosphorylation of proteasome subunit PSMA7, also induce an inhibition of proteasome degradation. Based on these new literature data, Arg silencing might result in a degradation of the proteasome that is unbalanced by an increase of its activity. This unbalance might explain the decrease of proteasome activity observed in Arg silenced cells.
We also demonstrated that the Arg kinase downregulation is determined by an increase of ROS. A high-glucose-dependent increase of ROS in tubular cells has been described as being caused by the overexpression of Nox4, the isoform of NADPH oxidase responsible for ROS production in several kidney diseases (Lee and Han, 2010; Lee et al., 2013) . ROS promoted Arg degradation by ubiquitylation, whereas c-Abl seems to be less sensitive to highglucose-induced ROS (Fig. S2D) , as also described in other cellular models (Cao et al., 2005) . The increase in ROS in the presence of high-glucose plus Imatinib did not induce an increase of Arg ubiquitylation and thus a decrease of Arg protein level because ROS induce Arg ubiquitylation when Arg is activated (Cao et al., 2005) and our data clearly showed that Arg activity was inhibited by Imatinib. High-glucose plus Imatinib did not affect proteasome activity probably because of opposite action of ROS, induced by high-glucose (Liu et al., 2006) , and of c-Abl, a well-known proteasome inhibitor (Liu et al., 2006) inactivated by Imatinib.
A further significant increase of TGF-β1 in tubular cells was induced by high-glucose plus Imatinib treatment. Notably, in mouse models of diabetic nephropathy (Lassila et al., 2005) and immunemediated kidney injury (Zoja et al., 2006) , Imatinib has been described to reduce TGF-β1 expression in renal tissue, but the renal cell types and the molecular pathways targeted by Imatinib were not defined. In other animal models of renal fibrosis (Wang et al., 2005 (Wang et al., , 2010 Wallace and Gewin, 2013 ), Imatinib has been described to prevent TGF-β-dependent activation of fibroblasts. Interestingly, when directly delivered in vivo to proximal tubular cells in a mouse model of tubulointerstitial fibrosis, Imatinib did not show antifibrotic efficacy (Dolman et al., 2012) and this in vivo finding supports our in vitro data. Thus, the response to Imatinib seems to be cell type specific and influenced by microenvironment conditions, as suggested by our in vitro data that show that in Imatinib-treated tubular cells there is TGF-β1 overexpression only under highglucose conditions. Our in vitro cellular model highlights a specific response of high-glucose-treated tubular cells to Imatinib that might be hidden by the renal fibroblast response in in vivo models of diabetic nephropathy (Lassila et al., 2005) . It is important to be aware of this specific response because, as proven in transgenic mice, the tubular TGF-β1 overexpression might be the cause of tubular autophagy and degeneration (Koesters et al., 2010) .
In conclusion, the findings here describe evidence that Arg kinase downregulation is specifically involved in TGF-β1 upregulation and cytoskeleton alterations induced by high glucose in tubular cells. Our data could be useful in the development of new approaches to control TGF-β expression in tubular cells under diabetic conditions, and suggest that the response to Imatinib treatment is cell type specific, at least in kidneys of diabetic patients.
MATERIALS AND METHODS
Human primary tubular cell cultures and treatments
Normal renal cortex specimens were obtained from adult human kidneys surgically removed because of renal carcinoma, after written patients' informed consent and in accordance with recommendations of the Local Ethical Committee of Provincia Monza Brianza and the Declaration of Helsinki. Primary tubular cell cultures were obtained and characterized as previously described (Bianchi et al., 2010) from 30 different renal cortex tissue specimens. The cells, trypsinized at the first confluence, were diluted and replated to reach the second confluence at the end of each treatment point. In particular, after 24 h of serum starvation, the cells were cultured for up to 7 days in low-glucose Dulbecco's modified Eagle's medium (DMEM) (100 mg/dl glucose; control medium), or in high-glucose DMEM (450 mg/dl glucose; high-glucose medium), both supplemented with 10% fetal bovine serum (FBS), 1% glutamine, 1% penicillin-streptomycin and 1% amphotericin (Euroclone, Milan, Italy). The glucose concentration was regularly checked and restored to the appropriate level, when necessary, by addition of D-glucose (Sigma-Aldrich, St Louis, MO). Osmolarity balance was obtained by addition of D-mannitol (350 mg/dl; Sigma-Aldrich) to control medium. Specific tyrosine kinase activities and proteasome activity were, respectively, inhibited by addition of Imatinib mesylate (10 μM; Cayman Chemicals, Ann Arbor, MI) and MG132 (10 μM; Sigma-Aldrich) to control and high-glucose media. Antioxidative treatment was performed by addition of N-acetyl-L-cysteine (NAC) (10 mM; Sigma-Aldrich) to highglucose medium.
Immunofluorescence and stress fiber analysis Cells were seeded on glass coverslips, fixed and incubated with the indicated primary antibodies and, when necessary, with secondary antibodies (Table S1), as previously described (Bianchi et al., 2010) . Stress fibers were labeled by Alexa-Fluor-594-phalloidin (dilution 1:100; Molecular Probes, Carlsberg, CA). Nuclei were counterstained with Mounting DAPI (Molecular Probes). Immunofluorescence pictures were obtained with confocal microscope Zeiss LSM710, using a 63× objective, equipped with Zen2009 software (Zeiss, Oberkochen, Germany). Stress fiber density quantification was obtained using NIH ImageJ software (http://www. rsbweb.nih.gor/iJ), as previously described (Bianchi et al., 2013) .
RNA extraction and real-time quantitative PCR
Total RNA extraction and reverse transcription were carried out as previously described (Bianchi et al., 2008) . Real-time quantitative PCR was carried out with a TaqMan Gene Expression Assay (Applied Biosystems, Foster City, CA) according to manufacturer's instructions, using commercial kits (Table S2 ). The amplifications were carried out in 20 μl reactions containing 50 ng of cDNA, 1× Universal PCR Master Mix, and corresponding primers and probes, in an ABI PRISM ® 7900HT Fast Real-Time PCR System (Applied Biosystems) in duplicate for each sample.
For microRNA quantification, a TaqMan microRNA assay was used. 10 ng of total RNA were retro-transcribed in 20 μl total volume reaction containing 3 μl of 5× miRNA specific primers (RT 2300 hsa-miR-200c or RNU48 endogenous control; Applied Biosystems), 19 μl of 20 U/μl RNase inhibitor, 0.15 µl of 100 mM dNTPs and 1 μl of 50 U/μl Multiscribe Reverse Retrotranscriptase (Applied Biosystems). The reverse transcription conditions were 16°C for 30 min, 42°C for 30 min and 85°C for 5 min. 0.5 ng of the specific cDNA obtained was amplified in 15 μl total volume reaction containing 10 μl of TaqMan Universal Master Mix II no UNG (Applied Biosystems), 1 μl of specific primers and probes (TM230 miR200c and 00106 miR-RNU48; Applied Biosystems). The PCR reaction was performed in duplicate for each sample as follows: 95°C for 10 min, 40 cycles at 95°C for 15 s and 60°C for 1 min. The relative levels of the different transcripts, expressed as 2 −ΔΔCt , are represented as fold change with respect to control samples considered equal to 1.
Protein extraction, western blotting and immunoprecipitation
At the indicated time points, primary tubular cell cultures were lysed as described previously (Bianchi et al., 2013) . 30 µg, or 60 µg when specified, of protein lysates quantified with a BCA microassay (Sigma-Aldrich) were separated on NuPage 4-12% gels (Invitrogen) and submitted to western blotting (Cifola et al., 2011) with the indicated antibodies (Table S1 ). For immunoprecipitation, cell lysates were prepared with RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxicholate and 1% Nonidet P-40), containing a cocktail of protease and phosphatase inhibitors (Sigma-Aldrich). 2 mg of soluble proteins were subjected to immunoprecipitation using anti-Arg antibody and an Immunoprecipitation Starter Pack (GE Healthcare Bio-Science AB, Upsala), following the manufacturer's protocol. After immunoprecipitation the proteins, separated on NuPage 4-12% gels, were blotted and hybridized with antiphosphotyrosine, anti-Arg and anti-ubiquitin antibodies (Table S1 ). Densitometric analysis of specific bands was performed by Image Scan Scanner with ImageJ software, and, for quantification, the specific band intensities were normalized to the corresponding β-actin, Smad2/3, Arg or p190RhoGAP band intensities when specified.
Wound healing assay
Monolayers of tubular cells, cultured in control and high-glucose medium on 6-well plates, were scratched with a pipette tip and photographed with a digital camera mounted on an inverted microscope Olympus (100× magnification). Matched pair-marked wound regions were photographed again after 8 h. Initial and final wound width was measured with ImageJ software. Three different measures in two different wells per sample were taken and expressed as mean±s.d. Wound recovery, calculated as difference between mean initial and final wound width, was used as a migration index.
Secreted TGF-β1 quantification by ELISA Quantification of secreted TGF-β1 in tubular cell culture medium was performed with a Human TGF-β1 Platinum ELISA kit (BMS249/4, Bioscience) according to the manufacturer's instructions. Absorbance at 450 nm was measured using an automated microplate reader (Victor Wolla C1420, Perkin Elmer, Woltham, MA). Concentration values ( pg/ml) were normalized to the cell protein concentration.
NIH3T3 growth curve
The NIH3T3 fibroblast cell line, cultured in high-glucose DMEM supplemented with 5% FBS (fibroblast medium), was serum-starved in DMEM for 24 h and then cultured in conditioned medium obtained from primary tubular cultures grown for 96 h in control medium, in high-glucose medium or in high-glucose medium plus Imatinib. NIH3T3 fibroblasts were also cultured in high-glucose conditioned medium or high-glucose conditioned medium plus Imatinib with the addition of 0.3 µM of the TGF-β receptor inhibitor SB431542 (Selleckchem, Houston, TX). The cell count, after 3, 24 and 48 h of treatment, was performed using Trypan Blue solution 0.4% (Sigma-Aldrich) with Thoma chamber. After 3 or 48 h of treatment with the different media, NIH3T3 cells were lysed as described above.
Intracellular ROS quantification
Cells were incubated with 10 µM DCF-DA (Sigma) for 40 min at 37°C in the dark. Fluorescent oxidized DCF in cell homogenate obtained by brief sonication was measured at an excitation wavelength of 480 nm and an emission wavelength of 525 nm in dark 96-well plates using an automated microplate reader (Victor Wolla C1420). Mean relative fluorescence (RFU) was normalized to the cell protein concentration.
Arg and N-cadherin siRNA transfection
Subconfluent primary tubular cell cultures were transfected with ON-TARGETplus SMART pool Human ABL2 siRNA L-003101, ONTARGETplus Control Pool siRNA D-001810-10-05 (Thermo Scientific Dharmacon, Lafayette, CO), or with human N-cadherin siRNA D-00101-0005 (Riboxx Life Sciences, Germany) using Interferin siRNA transfection reagent (Polyplus transfection; Thermo Scientific) according to the manufacturer's instructions, and then cultured for 96 h in high-glucose or control medium.
Proteasome activity assay
Proteasome peptidase activity was assayed on 30 µg of protein lysate using a 20S Proteasome Activity Assay kit (Chemicon APT280; Millipore, Watford, UK) and following the manufacturer's instructions. The fluorescent signal of AMC released from Suc-LLVT-AMC substrate after digestion was measured with a fluorescence spectrometer (Victor Wolla C1420), at an excitation wavelength of 380 nm and an emission wavelength of 460 nm, and expressed as the mean±s.d. relative fluorescence units (RFU).
Detection of GTP-bound RhoA
Active GTP-bound RhoA was measured in cell lysates using a RhoA activation G-LISA kit (BK124; Cytoskeleton Inc., Denver, CO) following the manufacturer's instruction. Briefly, cell lysates of control and highglucose-treated samples were quantified for protein content, diluted to 0.5 mg/ml with lysis buffer and loaded in equal amounts onto a G-LISA plate for analysis. Absorbance values at 490 nm, measured using an automated microplate reader (Victor Wolla C1420) and corresponding to GTP-bound RhoA amount, were expressed as fold change with respect to control samples.
Statistical analysis
All molecular and functional effects of different cellular treatments were evaluated and/or quantified by two different operators blinded to experimental treatment. Data were analyzed using a Student's t-test to evaluate differences between two groups. Where differences between multiple groups were analyzed, one-way ANOVA followed by post-hoc Bonferroni's test was used. Values of P<0.05 were considered statistically significant. Unless otherwise stated, all data presented are expressed as mean±s.d. of at least three independent experiments. 
